Resin cement with self-etch adhesive containing methacryloyloxydecyl dihydrogen phosphate shows promise in obtaining homogenous and durable bonding to normal and caries-affected dentin.
Methods and Materials: Molars with midcoronal caries were used. Occlusal enamel was cut to expose both dentin substrates (ND and CAD). Dentin substrates were differentiated using visual, tactile, caries-detecting dye, and dye-permeability methods. Prepared crown segments were equally divided according to the tested resin cement systems: etch-andrinse resin cement, self-etch resin cement containing methacryloyloxydecyl dihydrogen phosphate (MDP), and self-adhesive resin cement. In addition to the dentin substrates and the resin cement types, the effect of application/storage conditions (with or without simulated IPP and with or without thermocycling) were tested. A microtensile bond strength test was done using a universal testing machine. Failure modes were determined using a scanning electron microscope.
Results: Etch-and-rinse resin cement strength values were significantly affected by the difference in the dentin substrates as well as the different application/storage conditions. Selfetch adhesive containing MDP bonded equally to ND and CAD and remained stable under all tested conditions. Self-adhesive resin cement revealed a similar bond to ND and CAD; however, its values were the lowest, especially
INTRODUCTION
Advances in adhesive dentistry have provided solutions to many esthetic challenges faced by clinicians. In certain clinical situations, indirect resin composite restorations represent an alternative to direct ones due to some advantages such as the ease of developing and maintaining occlusal surface anatomy, contours, and contacts. 1 Nevertheless, one of the prime requirements for achieving successful indirect composite restorations is to gain proper bonding to the tooth structure. 2 Resin cements are increasingly used for bonding indirect restorations due to their better bond strengths, excellent mechanical properties, and improved esthetics when compared with conventional cements. 3 Currently, resin cements are used with etch-andrinse or self-etch adhesives. However, the increased tendency to simplify and reduce the bonding steps has led to combining the adhesive system and the cement in a single application through the use of self-adhesive resin cements. 4 At the same time, bonding to tooth structure depends not only on adhesive systems but also on the bonding substrates. 5 Many of the dentin bonding studies were done on normal human dentin. However, this is not the substrate frequently encountered in clinical dentistry. 6 Caries-affected dentin (CAD) has different structural and compositional characteristics compared with normal dentin (ND). CAD also has shown different permeability with intrapulpal pressure. 7 Thus, bonding to this dynamic substrate is crucial and appears to influence the long-term durability of adhesive systems. Consequently, it would be of interest to evaluate the bonding performance of the different resin cement systems with different adhesive strategies to ND and CAD after the application of simulated intrapulpal pressure with and without thermocycling.
The null hypotheses were 1) the different types of dentin substrates (ND and CAD) had no impact on dentin/resin cement bond strength; 2) there was no difference in the microtensile bond strength among the different resin cement systems of different adhesive strategies; and 3) the different application/storage conditions (intrapulpal pressure simulation or thermocycling alone or in combination) had no effect on the bond strength of different resin cements to dentin.
METHODS AND MATERIALS

Specimen Preparation
A total of 120 molars with midcoronal caries (site and size = 1.2) were used. 8 The collected teeth were stored in phosphate buffer saline containing 0.2% sodium azide at 48C for not more than two weeks until being used. 9 The study was accomplished in accord with local human participants' oversight committee guidelines.
Occlusal enamel was trimmed perpendicularly to the long axis of each tooth using a slow-speed diamond-saw sectioning machine (Buehler Isomet Low Speed Saw, Lake Bluff, IL, USA) under water coolant to expose flat ND and CAD surfaces. Ground dentin surfaces were examined for any signs of exposure to be discarded. Another cut was made parallel to the occlusal surface, 2 mm below the cementoenamel junction, exposing the pulp chamber. Remnants of pulp tissue in the pulp chamber were removed using a discoid excavator (Carl Martin GmbH, Solingen, Germany) without touching the walls of the pulp. 10 Each crown segment was mounted on a polymethacrylate plate containing a 19-gauge needle in the center using cyanoacrylate adhesive (Rocket Heavy, Dental Ventures of America, Corona, CA, USA) and subsequently embedded in chemically cured polyester resin (Polyester resin #2121, Hsein, Taiwan) up to the level of the cementoenamel junction. 10 
CAD Identification
CAD was differentiated with the aid of visual and tactile methods. 11 In addition, caries-detecting dye 12 and the dye permeability test 13 were used. In the dye permeability test, 10% methylene blue was permeated into the tooth through the pulp chamber under pressure. Caries-detecting dye appears to stain partially demineralized collagen matrices in CAD. 14 The selective staining of ND with methylene blue was attributed to decreased permeability of CAD in relation to ND due to the presence of peritubular and intertubular crystal formation into the dentinal tubules. Thus, the ND was stained blue, whereas the CAD was stained a pale pink ( Figure 1 ). The dentin surface was flattened using a rotary grinding machine under water coolant and wet hand polished using 600-grit silicon carbide paper (MicroCut, 8 inch, Buehler Ltd, Lake Bluff, IL, USA) for 10 seconds to produce a standardized smear layer. 13 
Restorative Procedures
The crown segments with ND and CAD were divided equally according to the type of resin cement system (resin cement with etch-and-rinse adhesive [Variolink II/Adper Scotch Bond Multi-Purpose, VL, 3M ESPE, St Paul, MN, USA], resin cement with self-etch adhesive containing methacryloyloxydecyl dihydrogen phosphate [MDP; Panavia F2.0/ED primer II, PF, Kuraray Medical, New York, NY, USA], or self-adhesive resin cement [RelyX Unicem 2, RX, 3M ESPE]). Table 1 shows materials specifications, manufacturers, compositions, and batch numbers. The prefabricated resin composite blocks (4-mm thickness) were made using microhybrid resin composite (Filtek Z250, 3M ESPE) and light cured for 40 seconds from the top and the bottom using an LED light-curing unit (Guilin Woodpecker Medical Instrument Company, London, UK) with an intensity of 800 mW/cm 2 . The resin composite blocks were subjected to additional light and heat curing at 1108C for seven minutes, using an oven (Coltene/Whaledent, Inc. DI-500, Cuyahoga Falls, OH, USA) to ensure complete polymerization. The bonding surface of each block was sandblasted with 50 lm alumina particles for 20 seconds using the Renfert sandblasting device (US Dental Depot, Fort Lauderdale, FL, USA). To standardize the distance to 1 cm and the angle to be 908 between the resin composite block and the nozzle handpiece of the sandblasting device, a specially constructed assembly was used. Following sandblasting, chemical surface treatment was done using Monobond Plus (Ivoclar Vivadent, Schaan, Liechtenstein) silane coupling agent. The silane was applied to the sandblasted surface using a microbrush, left for one minute, and then air dried using an air spray syringe.
The cementation procedure was carried out according to manufacturers' instructions ( Table 2) while the specimens were still connected to the intrapulpal pressure assembly under 15 mm Hg (P 1 ), reproducing the effect of the local vasoconstrictor in local anesthetics, 15 or not (P 0 ). After bonding of the P 1 specimens, the intrapulpal pressure was raised to 20 mm Hg. The specimens of P 0 and P 1 were then inserted in plastic containers containing artificial saliva. The intrapulpal pressure assembly and the specimens in the plastic containers were placed in a specially constructed large incubator at 378C for 24 hours (Figure 2 ). After incubation, the specimens were sectioned to obtain multiple sticks (0.960.01 mm 2 ). A precise digital caliper (Proficraft, Mebschieber, Germany) was used to check the crosssectional area and length of the sticks. Sticks (n=2 for each dentin substrate/specimen) of the same cross-sectional area and length were selected. Then, half of the sticks (ND and CAD) were subjected to 10,000 thermocycling cycles between 58C and 558C with a dwell time of 30 seconds and a transfer time of 10 seconds 16 (T 1 ) and the other half were not (T 0 ). Figure 1 . Caries-affected dentin identification using caries-detecting dye and methylene-blue dye permeability test.
Microtensile Bond Strength Testing
Each stick was fixed to the modified Academisch Centrum Tandheelkunde Amsterdam (ACTA) microtensile strength jig 17 with a cyanoacrylate adhesive (Rocket Heavy) and stressed in tension using a universal testing machine (Lloyd Instruments Ltd, Ametek Company, Bognor Regis, West Sussex, UK) at a cross-head speed of 0.5 mm/min until failure. The tensile force at failure was recorded and converted to tensile stress in megapascal units using computer software (Nexygen-MT, Lloyd Instruments). Sticks that failed before testing were counted as 0 MPa. 10, 18 Bond strength values were submitted to a three-way analysis of variance (ANOVA) with repeated measures to determine the effect of dentin substrates, the resin cements systems, and application/storage conditions. It was also used to detect any significant interactions among these three variables. One-way ANOVA was The failure modes of all specimens were evaluated using a scanning electron microscope (SEM) at 1003 magnification. Failure modes were classified as type 1: adhesive failure along the dentin side; type 2: cohesive failure in the adhesive layer; type 3: cohesive failure in the resin cement; type 4: mixed failure (adhesive failure along the dentin side and cohesive failure in the adhesive layer); type 5: mixed failure (adhesive failure along the dentin side and cohesive failure in the resin cement); type 6: mixed failure (adhesive failure along the dentin side, cohesive failure in the adhesive layer and cohesive failure in the resin cement); and type 7: mixed failure (cohesive failure in the adhesive layer and cohesive failure in the resin cement).
RESULTS
The three-way repeated measures ANOVA results showed a statistically significant effect for the dentin substrates (ND and CAD) (p,0.001), the resin cement systems (VL, PF, and RX) (p,0.001), and the application/storage conditions (P 0 T 0 [control], P 1 T 0 , P 0 T 1 , P 1 T 1 ) (p=0.021). The interaction between resin cement systems and application/storage conditions was also significant (p=0.002). Nevertheless, the interactions among dentin substrates 3 resin cement systems, dentin substrates 3 applica- The base and catalyst pastes of Variolink II were applied in a 1:1 ratio and mixed for 10 seconds then applied on treated dentin surface. The resin composite onlay was then cemented under a specified load, and the excess cement was removed using a sponge followed by light curing for 20 seconds.
Single-step self-etch resin cement system (ED primer II and Panavia F2.0 resin cement)
-One drop of liquid A and B of ED
Primer was mixed on a glass slab, applied on the dentin surface, and left undisturbed for 30 seconds.
-The excess was removed with a sponge, then dried with gentle air flow for five seconds and at distance of 2 cm from dentin surface.
-Equal amounts of paste A and paste B of resin cement was mixed on a glass slab for 20 seconds and applied on the treated surface of composite inlay.
-Resin composite onlay was then cemented under a specified load, and the excess cement was removed using a sponge followed by light curing for 20 seconds -Oxyguard II was applied directly to the margins of the restoration, left for three minutes, and then removed.
Self-adhesive resin cement RelyX Unicem 2
No dentin surface pretreatment was done -Equal amounts of base and catalyst pastes were dispensed, then mixed for 20 seconds.
-The mix was applied on the treated dentin surface.
-The resin composite onlay was then cemented under a specified load, and the excess cement was removed using a sponge followed by light curing for 20 seconds.
tion/storage conditions, and dentin substrates 3 resin cement systems 3 application/storage conditions were not significant (p.0.05). Means and standard deviations (SD) of microtensile bond strength (lTBS) values of all tested variables are presented in Table 3 . VL showed higher bond strength to ND compared with CAD after 24 hours with P 0 T 0 (p=0.02) and with P 0 T 1 (p=0.04); whereas, with the other application/storage conditions no significant differences were recorded. Also, the bond strength values of PF and RX to ND were not significantly different from those to CAD under any application/storage condition.
Regarding the bond strength among the different resin cements with each application/storage condition, one-way ANOVA revealed a statistically significant difference among them whether bonded to ND or to CAD when subjected to P 0 T 0 and P 1 T 1 conditions (Table 3 ). For ND with the P 0 T 0 condition, VL bond strength values showed statistically significantly higher value compared with PF and RX, although no statistically significant difference was recorded between PF and RX values ( Table 3) . For the P 1 T 1 condition, RX revealed the lowest value. For CAD with the P 0 T 0 and P 1 T 1 conditions, RX also revealed the lowest value.
VL bond strength values to ND and CAD were significantly different with the tested application/ storage conditions; RX bond strength values significantly decreased after P 1 T 1 application/storage condition. Nevertheless, values for PF bond strength to both dentin substrates were not statistically changed with all tested application/storage conditions (Table 3 ).
Regarding the failure modes, Figure 3 shows the percentages of the recorded failure modes. VL bonded to ND and CAD showed predominately type 6 mode of failure, whereas PF specimens displayed type 5. RX bonded to ND commonly showed type 1 failure, whereas with CAD, type 5 was the most frequent failure mode. Representative SEM micrographs for some failure modes of different resin cements bonded to either ND or CAD are presented in Figure 4 .
DISCUSSION
Results of the present study indicate the rejection of the three null hypotheses because the difference in dentin substrates (ND and CAD) has a significant effect on dentin/resin cement bond strength. Also, there was a statistically significant difference among the three types of resin cements. Moreover, the difference in application/storage conditions showed a Abbreviations: P 0 T 0 , specimens stored in artificial saliva for 24 hours, neither subjected to intrapulpal pressure (IPP) simulation nor to thermocycling; P 1 T 0 , specimens subjected to intrapulpal simulation (IPP) but not subjected to thermocycling; P 0 T 1, specimens subjected to thermocycling but not IPP simulation; P 1 T 1 , specimens subjected to IPP simulation and thermocycling. a Different capital letters denote significant differences within rows, whereas different small letters denote significant differences within a column for each dentin substrate. * and ** indicate differences between ND and CAD for the same resin cement subjected to the same storage condition. significant effect on the bond strength to different dentin substrates.
In the present study, the different resin cement systems bonded differently with the different dentin substrates (ND and CAD). The significant effect for the difference in dentin substrates on bonding was recorded by others, although they tested other adhesive systems. [19] [20] [21] [22] VL bonded to ND showed significantly higher bond strength values than those of PF and RX resin cement systems. The better bonding of etch-andrinse adhesive systems over other systems has been previously reported. 23 The superiority of the etchand-rinse resin cement system in bonding to ND might be attributed to the effect of phosphoric acid etching to dentin, which results in removal of the smear layer, thus allowing proper resin infiltration of the dentin. 24 The primer component of the etchand-rinse adhesive Adper Scotch Bond MultiPurpose used with VL resin cement contains ethanol, which helps to remove the residual water from the collagen matrix and keeps the expanded collagen matrix stiffened, allowing for better resin infiltration. 25 Moreover, the hydrophobic bisphenol glycidyl methacrylate (Bis-GMA) and the hydrophilic 2-hydroxyethyl methacrylate (HEMA) components of VL are soluble in ethanol. 26 This allows for more resin infiltration into acid-etched matrices, forming wellhybridized resin tags that contribute to micromechanical retention. 3 On the other hand, the lower lTBS of the RX system compared with VL etch-andrinse resin cement could be attributed to its mode of adhesion, which counts on smear layer penetration rather than its removal; thus, a weak link is expected to be formed between the resin cements and the underlying dentin. 27 Although the RX can form a chemical bond with the smear layer-covered dentin, 28 this reaction is superficial with no hybrid layer formation. 29 The nonsignificant difference between the PF and RX when bonded to ND was in accordance with De Munck and others, 4 Abo-Hamar and others, 30 and Tonial and others. 31 However, Abo-Hamar and others 30 disagreed with the results of the present study because they found that the bond strength of VL was not significantly different from those of PF and RX. This could be because they used a different etch-and-rinse adhesive system (Syntac) with the VL resin cement. Yang and others 3 showed that the bond strength of PF was higher than that of RX, which also contradicted the present study's findings. This can be attributed to the mode of cure used for the RX in their study (self-cure mode) and the dual-cure mode used in the present study. It was reported that the degree of conversion of RX with the self-cure mode was lower than that with either the light-or dual-cure mode. 32 Regarding the CAD, VL (etch-and-rinse resin cement) bond strength values were greatly affected. The decrease in bond strength of etch-and-rinse adhesives bonded to CAD has also been reported by other researchers. 12, 21, 22 In CAD, the intertubular dentin has been, to some extent, demineralized due to the caries process before acid etching. After the etching step with the VL resin cement system, the demineralized layer might be too deep to be efficiently infiltrated by the adhesive, including the whole demineralized substrate thickness, resulting in a defective hybrid layer. 21 In addition, it has been reported that CAD contains deposits of "b-tricalcium phosphate ("b-TCP; also called whitlockite) in the dentinal tubules. These demineralized/remineralized portions in the same carious lesion cause disproportional and nongradient infiltration of resin monomers into the CAD substrate. 33 The high hydrophilic, unsaturated, methacrylate phosphate ester functional monomer (10-MDP) content in the PF self-etch adhesive resin cement system allows an intense chemical interaction with hydroxyapatite 34 that is highly available in CAD. This interaction could promote reliable and better hybridization. As for RX, it incorporates two setting reactions: a dualcured redox reaction for polymerization of the resinous phase and an acid-base reaction resulting in the formation of calcium phosphates. Bonding with dentin is established by the ionization of phosphoric acid methacrylates of the monomer mixture. This ionization occurs either in situ from the water content of the dentin or from that produced during the neutralization reaction of the phosphate monomers with the basic filler of the cement. 35 The bonding mechanism is essentially similar to glass ionomers with an intermediate interfacial layer incorporating partially dissolved smear particles and possible regional formation of a nano-hybrid layer. 36 Regarding subjection to the different application/ storage conditions, VL (etch-and-rinse) resin cement showed a drop in bond strength to ND with P 1 T 0 compared with those bonded and stored with P 0 T 0 ; whereas, PF and RX resin cements revealed no significant difference from P 1 T 0 . The cause of the drop in bonding of VL may be related to the removal of the smear layer through acid etching, which may have increased the outward flow of dentinal fluid along the dentinal tubules. 37 The outward flow could counteract the adhesive monomer penetration, dilute their concentration, and prevent the optimal polymerization. 38 On the contrary, in the PF group applied under intrapulpal pressure (P 1 ), the smear plugs remained in the dentinal tubules so that under simulated intrapulpal pressure, moisture contamination by dentinal fluids transudation would be minimal. 28 This helps to provide a barrier against the effect of outward flow of dentinal fluids. The RX self-adhesive resin cement can benefit from the presence of intrapulpal pressure because it can provide additional hydration to the dentin. The presence of water is believed to optimize the chemical reaction of the self-adhesive resin cement with dentin. 39 In addition, the protective effect of the smear layer may accentuate the nonsignificant effect of intrapulpal pressure on this resin cement type. 39 Thermocycling is considered as an adjunct to assess the effect of thermal stresses and prolonged water exposure on the bond strength to dentin. 40 The protocol for thermocycling applied in this study for all resin cements, which was 10,000 cycles, was reported to correspond to one year of in vivo simulation. 41 The results of this study showed that thermocycling had no significant effect on the bond strength of PF and RX resin cements to ND and CAD. The chemical bond formed between hydroxyapatite and RX and the functional phosphate monomer (MDP) of PF, can account for this dentin bond stability. 42 This chemical bond was reported not to dissociate in water, according to the adhesiondecalcification concept. 43 The VL showed also a decrease in bond strength after thermocycling (T 1 ) compared with its bond strength without intrapulpal pressure and thermocycling (P 0 T 0 ). The HEMA content in the Adper Scotch Bond MultiPurpose adhesive system used might be the cause of the compromised bond strength obtained. HEMA is likely to absorb large amounts of water within the adhesive and the hybrid layer during thermocycling; hence, water that remains entrapped at the resindentin interface jeopardizes the stability of the bond. 15 One of the new findings of the present study was that the combination between bonding under intrapulpal pressure simulation P 1 and thermocycling T 1 dramatically decreased the bond strength of VL and RX resin cement systems. With respect to RX, the chemical bond formed between the phosphoric acid monomer and calcium of hydroxyapatite that resist-ed the effect of P 1 or T 1 alone was not sustained when the conditions were combined. Both conditions could have synergistic action, causing added degradation of bond strength. The recorded predominant adhesive mode of failure for RX when P 1 and T 1 were combined may justify this explanation.
The results of this study highlight that various structural components and properties of dentin, as well as biological and clinical factors of the oral cavity, could directly affect the adhesive bond. Therefore, much of our understanding of dental bonding has to be tested on normal as well as on clinically relevant caries-affected substrate faced in dental practice while simulating the in vivo conditions.
CONCLUSIONS
Etch-and-rinse resin cement is sensitive to dentin substrate and storage conditions. Resin cement with self-etch adhesive containing MDP revealed more reliable bonding to ND and CAD even when combining intrapulpal pressure and thermocycling. Self-adhesive resin cement bonding still cannot compete with other resin cements.
